The nanocapsules with crystalline cores of GdAl 2 compound and shells of amorphous Al 2 O 3 were prepared by evaporating Gd x Al 100−x ͑x = 50, 60, 70, 80, and 90͒ alloys using a modified arc-discharge technique. The morphologies, average sizes, lattice constants, and surface characteristics of GdAl 2 /Al 2 O 3 nanocapsules were studied in detail by means of x-ray diffraction, energy dispersive spectroscopy, x-ray photoelectron spectroscopy, and high-resolution transmission electron microscopy. The formation mechanism of the nanocapsules was analyzed in detail. The differences in Curie temperatures and anisotropy constants of these nanocapsules were discussed with respect to their different structural characteristics. From 180 to 5 K, the magnetic entropy change of the GdAl 2 /Al 2 O 3 nanocapsules continuously increases with decreasing temperature T and rapidly enhances when the temperature tends to 5 K. The largest entropy change −⌬S at 7.5 K can respectively reach 18.02, 18.71, and 31.01 J kg −1 K −1 by varying the magnetic field from 7 to 1 T for the nanocapsules synthesized by arc-discharging Gd 70 Al 30 , Gd 80 Al 20 , and Gd 90 Al 10 alloys. The appearance of a large entropy change at low temperatures was ascribed to a lower anisotropy energy barrier and a high magnetic-moment density of the nanocapsules. The linear relation between the magnetic entropy change and the reciprocal of the temperature ͑1/T͒ was discussed in terms of superparamagnetism and magnetocaloric theory.
I. INTRODUCTION
The magnetocaloric effect ͑MCE͒ is generally recognized as a conversion of the magnetic energy of a magnetic substance into thermal energy in a varying dc magnetic field, whose magnitude can be judged indirectly by the isothermal magnetic entropy change in the magnetization process. 1 Extensive researches have been performed to utilize this effect as an environment-friendly technology in the refrigeration field, in order to replace the traditional gas compression and/or expansion technology. [2] [3] [4] [5] Up to now, MCE has been practically applied in magnetic refrigeration devices in a low-temperature range ͑T Ͻ 20 K͒ by using the paramagnetic salt Gd 3 Ga 5 O 12 . 6 Theoretically, the higher the density of magnetic moments and their spin number, the greater the cooling power of a refrigerant. 7 Based on the calculation of superparamagnetic theory, McMichael et al. predicted that nanomagnets would have a larger magnetic entropy change because of the existence of a large magnetic-moment density in a single magnetic particle. 8 Subsequently, the prediction was soon proven by Yamamoto et al. in Fe 2 O 3 -Ag nanocomposites. 9, 10 In order to overcome the oxidation of magnetic nanoparticles, more nanocomposites were studied. [11] [12] [13] However, the nonmagnetic substrate decreased intensively the density of magnetic moments, which hindered the enhancement of the entropy change. [11] [12] [13] Subsequently, to further enhance the MCE of nanomagnets, great efforts have been made to increase the moments of a particle by increasing atomic moments. [14] [15] [16] [17] Especially, the entropy changes of 6 and 17.6 J kg −1 K −1 were respectively achieved at 8 and 6 K with the field changes of 3 and 7 T for anisotropic superparamagnetic Fe 8 and Fe 14 molecular clusters, but the complicated preparation limits their practical application. 17, 18 Nevertheless, more endeavors were focused on improving MCE by using nanomagnets in their superparamagnetic state. It is not neglected that the nanoparticles with higher energy barrier would have higher blocking temperature, which would limit their application in low temperatures, because the blocking state is detrimental for MCE of the nanoparticles. Therefore, for the nanoparticles with large atomic moments and low energy barriers, the magnetic moments may easily overcome the barriers to change their alignments to acquire the large entropy change at low temperatures. To date, little work has been done to discuss the potentially high MCE of the nanoparticles, with a high moment density and a low energy barrier, and to exploit a new type of nanomagnets responsible for this property.
GdAl 2 intermetallic compound crystallizes in the cubic MgCu 2 -type structure ͑C15 Laves phase͒, in which Gd ions form a sublattice of diamond type and the corresponding nearest neighbors are Al atoms occupying corner-sharing tetrahedral networks. In one GdAl 2 unit cell, there are 16 Al sites forming four corner-sharing tetrahedrons with point symmetry 3m, while the point symmetry of Gd sites belongs to the cubic group. 19 In agreement with predictions of the Rudermann-Kittel-Kasuya-Yosida model of indirect exchange, the GdAl 2 compound orders ferromagnetically with its paramagnetic Curie temperature of 172 K. 20, 21 Generally, the long-range ferromagnetic order of GdAl 2 originates from the following: the local Gd 4f electrons polarize the conduction electrons of 6s, 6p, and 5d orbitals in Gd and 3s and 3p orbitals in Al through local exchange interactions, and the dominant interaction between the 4f and 5d states is positive so that the corresponding spin moments are always parallel. 22, 23 Although the gadolinium atoms provide a fairly strong exchange field to result in a high Curie temperature, they contribute very little anisotropy ͑because of its orbital momentum L =0͒ and, consequently, the anisotropy field of pure GdAl 2 is relatively small among RAl 2 ͑R ϵ rare earths͒. 24 Importantly, when the size of the crystalline GdAl 2 decreases to nanoscale, it will turn from the ferromagnetic state into the superparamagnetic state. Therefore, the GdAl 2 nanoparticles, with large atomic moments for its total angular momentum of J =7/2 and low anisotropy energy barriers, will serve as the candidate for enhancing their MCE in the blocking state. Although there have been many reports on the nanoparticles ͑or nanocapsules͒, due to difficulties in sample preparations because of the high activity of rare-earth elements, experimental work on the nanoparticles of rare-earthtransition-metal ͑RT͒ compounds ͑or the nanocapsules with RT compounds as cores͒ are scarcely seen. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Based on the modified arc-discharge technique developed in our previous work, 33 recently, we successfully synthesized dispersive GdAl 2 nanocapsules with GdAl 2 cores and nonmagnetic Al 2 O 3 shells, and the large magnetic entropy change of 14.5 J kg
was acquired at 5 K from the nanocapsules. 25 The formation of the Al 2 O 3 shells is very important to prevent the severe oxidation of rare-earth atoms like Gd, which usually happens easily, and thus, it is crucial for the formation of nanocapsules with RT compounds like GdAl 2 as cores. This advance in technology of synthesizing the R-containing nanocapsules provides many chances for a detailed investigation on the structure and physical properties of different types of novel nanocapsules. In this paper, the structures, magnetic properties, and magnetic entropy change of the GdAl 2 /Al 2 O 3 nanocapsules, synthesized by evaporating Gd-Al alloys with various compositions, are systematically investigated. One of the purposes of this work is to study in detail the formation mechanism of the nanocapsules with RT intermetallic compound, also in order to realize larger MCE. The large magnetic entropy change of 31.01 J kg −1 K −1 is achieved at 7.5 K by varying the magnetic field from 7 to 1 T for the GdAl 2 /Al 2 O 3 nanocapsules synthesized by arc-discharging Gd 90 Al 10 alloy. Another purpose of the present work is to uncover the mechanism of the large magnetic entropy change in the GdAl 2 /Al 2 O 3 nanocapsules. It is found that different from the enhancement of MCE by the first-order or second-order phase transition, 27 the large magnetic entropy change in the present system comes from the effect of low anisotropy energy barriers, reducing the hindrance effect on the fluctuation of magnetization in the blocking-state GdAl 2 /Al 2 O 3 nanocapsules. The linear relation between the entropy change and the reciprocal of the temperature ͑1/T͒ in the blocking state is uncovered, which is discussed in terms of superparamagnetism and magnetocaloric theory. In addition, the experimental results verify the theoretic prediction that the entropy change increases continuously with decreasing temperature for isotropic nanoclusters in the superparamagnetic state.
The paper is arranged as follows. The experimental details are given in Sec. II. The phase constitutions, elements analysis, particle morphologies, surface characteristics, crystalline image, and the formation mechanism of the GdAl 2 /Al 2 O 3 nanocapsules are studied in detail in Sec. III A. In Sec. III B, different magnetic characteristics in different temperature ranges and the variation of the Curie temperatures for the GdAl 2 /Al 2 O 3 nanocapsules with different compositions are discussed. Especially, the MCE of the GdAl 2 /Al 2 O 3 nanocapsules and the temperature dependence of the magnetic entropy change from 5 to 180 K are discussed in detail, in terms of superparamagnetic theory and magnetocaloric theory. The summary is given in Sec. IV.
II. EXPERIMENTAL DETAILS
The Gd x Al 100−x alloy ingots with x = 50, 60, 70, 80, and 90 were fabricated by arc-melting Gd and Al bulks with 99.8 wt % purity four times under a high purity argon atmosphere. The GdAl 2 /Al 2 O 3 nanocapsules were prepared by the modified arc-discharge method analogous to that employed in our previous work, [28] [29] [30] in which the cathode tungsten needle with diameter of 3 mm maintained a distance of 2 -3 mm with the anode of Gd x Al 100−x alloy ingots. When the vacuum of the arc-discharge chamber reached 6.5 ϫ 10 −3 Pa, Ar and H 2 were introduced into the chamber to reach 2.0ϫ 10 4 and 2.0ϫ 10 3 Pa, respectively. Then the arc was generated and the discharge current was maintained at 80 A for 5 h. After passivation in argon for 16 h, the nanocapsules were collected from the top of the chamber.
The phases made up of as-prepared nanocapsules were identified by powder x-ray diffraction ͑XRD͒ with Cu K␣ ͑ = 0.154 056 nm͒ radiation on a Rigaku D/max-2000 diffractometer at a voltage of 50 kV and a current of 250 mA with a graphite crystal monochromator. The elements' ratio in the as-prepared nanocapsules was determined by energy dispersive spectroscopy ͑EDS͒ analysis. The size distribution, morphology, and crystalline images were investigated by a high-resolution transmission electron microscope ͑HR-TEM JEOL-2010͒ with emission voltage of 200 kV. X-ray photoelectron spectroscopy ͑XPS͒ measurement was performed on ESCALAB-250 with a monochromatic x-ray source ͑aluminum K␣ line of 1486.6 eV͒ to characterize the valence of surface atoms of the nanocapsules with depth from 0 to 10 nm. The nanocapsules were pressed together and mixed with liquid paraffin through heating by hot water, and then condensed by cooling, in order to avoid the rotation of the particles toward the direction of the applied field during magnetic measurements. The magnetic properties were measured by a superconducting quantum interference device ͑MPMS-7, Quantum Design͒ magnetometer.
III. RESULTS AND DISCUSSION
A. Analysis of structure and the formation mechanism Figure 1 presents XRD patterns of five samples of the nanocapsules denoted as A, B, C, D, and E, which were prepared by arc-discharging the anode Gd x Al 100−x with, respectively, different Gd percentages ͑x = 50, 60, 70, 80, and 90͒. With the increase of the Gd content x in the anode alloys, the phase component of the nanocapsules is changed from fcc Al in samples A and B, and GdAl 2 in samples C and D, to the coexistence of GdAl 2 and fcc Gd in sample E. According to previous work, 25 the formation of different phases can be explained by the ratio of the metal atoms in the chamber. In the arc-discharge process, the metal atoms evaporated from the anodes with different compositions into the chamber, in which the atoms with a high activity reacted rapidly and nucleated through the rapid energy exchange. 32 In essence, the boiling point ͑or evaporation pressure͒ of metals determines the amount of evaporated atoms. With its boiling point of 2740 K, Al was more easily evaporated than Gd with a boiling point of 3539 K. As a result, more Al atoms evaporated into the chamber in unit time. From EDS results ͑Fig. 2͒, it is suggested that the ratio of the Gd and Al atoms controlled the formation of phases in the five nanocapsules. For nanocapsules A ͑B͒, the ratio of 1:30 ͑1:16͒ for Gd:Al indicates the predominant amount of Al, which results in the formation of fcc Al. Only when the Gd content is 70 at. % in the anode can the Gd:Al ratio reach 1:2.8 in nanocapsules C, which leads to the disappearance of fcc Al and the appearance of GdAl 2 . When the ratio of Gd to Al reaches 1.25:1 in nanocapsules E, besides the formation of GdAl 2 , the excessive Gd atoms favor the formation of the high-temperature phase fcc Gd. Therefore, the phases in the present nanocapsules are determined by the boiling points and the contents of the metals in the anode. Furthermore, it is noteworthy that only GdAl 2 and fcc Gd appear in samples C-E, although there are at least five kinds of compounds in the Gd-Al phase diagram. This can be explained by the fact that GdAl 2 and fcc Gd have the largest formation Gibbs energy and the highest decomposition temperatures of 1798 and 1586 K, respectively, among all the Gd-Al binary compounds. It is also noteworthy that as a high-temperature phase stable above 1508 K, the existence of fcc Gd at room temperature can be attributed to the lower surface energy of nanoscale particles 32 and the easy formation of the nanoparticles with metastable phases in the nonequilibrium processes. 31 Another important information is that the atomic substitution induces the change of lattice constants of fcc Al and GdAl 2 . According to the XRD pattern, the lattice constants of GdAl 2 are 0.7871, 0.7894, 7.9111, and 0.7899 nm for samples C, D, E, and the standard value, respectively. It indicates that for samples C and D, Al atoms with smaller atomic radius replace Gd position, making the lattice shrink, and the lattice tends to the standard state with the decrease of Al atoms; however, for sample E, excessive Gd atoms with larger atomic radius occupy part of the Al sites, causing the lattice expansion.
By transmission electron microscopy ͑TEM͒ investigation, the morphologies and size distribution of nanocapsules B-E are shown in Figs. 3 and 4. The nanocapsules are of irregular spherical shape as illustrated in Fig. 3 . From Fig. 4 , the size distribution of samples B-E are 12-30, 10-28, 8-35, and 9 -22 nm, and the average diameters of the four nanocapsules are 22, 19, 24, and 17 nm ͑15 nm, Gd͒ respectively, in agreement with the results calculated from XRD patterns. the shells of nanocapsules D can be identified as Al 2 O 3 . The formation of Al 2 O 3 shells can be attributed to the light atomic mass and comparatively lower melting point for Al atoms, which made them more easily absorbed on the surface of GdAl 2 cores and condensed in the arc-discharge process, and the surface Al atoms were oxidized subsequently in air. On the other hand, the shells of the GdAl 2 /Al 2 O 3 nanocapsules C are thicker than those of D and E, which reveals that more excessive Al atoms are prone to accumulate on the surface of GdAl 2 core to construct the shells ͑Fig. 5͒.
B. Magnetic properties and magnetocaloric effect of GdAl 2 /Al 2 O 3 nanocapsules
The temperature dependences of the magnetization in nanocapsules C-E were measured in the zero-field-cooled ͑ZFC͒ and field-cooled ͑FC͒ processes between 5 and 300 K under a relatively low field of 0.01 T. From Fig. 7͑a͒ , the curves show the features of the magnetic nanoparticle system. The maximum appears on the ZFC curves at 50, 95, and 25 K, indicating the blocking temperatures of nanocapsules C, D, and E, respectively. Each FC curve departs with the corresponding ZFC curve at a temperature a little larger than the blocking temperature. Due to the fact that bulk GdAl 2 shows ferromagnetism below 172 K, GdAl 2 nanocapsules, with their diameters smaller than the size of a single domain, show the superparamagnetic properties indicated by the characteristics of the ZFC-FC curves. However, because the present nanocapsules were put so close to each other during the magnetic measurement, there might exist strong mutual magnetic interactions between randomly distributed particles, which would induce the particle system to be in a spin glass state because of the frustration effect. When the particle system is of the spin glass state, the FC curve is always flattened below blocking temperature and the acsusceptibility peaks shift to high temperature with the increase of the frequency. [35] [36] [37] However, in the present systems, the FC curves in Fig. 7͑a͒ increase with decreasing temperature below the blocking temperature T B . Meanwhile, the temperature dependence of the ac susceptibility measured after ZFC ͓Fig. 7͑b͔͒ shows that the ac-susceptibility peaks are almost unchanged as the frequency increases from 10 to 1000 Hz. Moreover, the values of the Curie temperature extrapolated from the reciprocal dc susceptibility obtained from FC curves are −6.5, 12.44, and 4.9 K, respectively, which are much smaller than the corresponding values of systems having strong mutual interactions. 35 As a result, the present experimental results are different from the cases where the existence of the strong mutual interaction between magnetic nanoparticles leads to the system of the spin glass state. [35] [36] [37] Present results suggest that interactions between the GdAl 2 /Al 2 O 3 nanocapsules are very weak, because the nonmagnetic Al 2 O 3 shells hinder the direct contact between the magnetic cores. The weak interactions will not be the most influential factor in changing the magnetization of the nanocapsules. The magnetic behavior of the GdAl 2 /Al 2 O 3 nanocapsules can be described by the classical superparamagnetic theory without particles' interactions.
According to the superparamagnetic theory, 38 the blocking temperature T B can be described by 25k B T = KV, where KV is the anisotropy energy barrier; K and V are the effective anisotropy constant and the volume of the particle, respectively. 39, 40 In the present system, the magnetocrystalline anisotropy constant K can be estimated by this formula using the parameters of nanocapsules C and D, with T B =50 and 95 K and average diameters of 19 and 24 nm, respectively. The calculated values for the anisotropy constant K are 4.8ϫ 10 3 and 4.5ϫ 10 3 J m −3 , being almost equal, which are much smaller than those of cobalt ͑2.7ϫ 10 5 J m −3 ͒ and Fe ͑5.4ϫ 10 4 J m −3 ͒. 41 This indicates that the anisotropy energy barrier of the GdAl 2 /Al 2 O 3 nanocapsules is much lower than those of Co and Fe nanocapsules when they have the same particle volume. For the present GdAl 2 /Al 2 O 3 nanocapsules C-E prepared by arc-discharging Gd-Al alloys with different compositions, their anisotropy energy barriers can be determined by their average diameters.
The big turns on the overlapped curves of ZFC and FC indicate the Curie temperatures of the GdAl 2 /Al 2 O 3 nanocapsules C-E, which are lower than the corresponding Curie temperature of bulk GdAl 2 . This reduction of the Curie temperature is attributed to the change of intrinsic magnetic behaviors caused by the size effect and surface effect of nanometer particles. 11 Furthermore, as shown in the inset of Fig. 7͑a͒ , among nanocapsules C-E, nanocapsules C has the lowest Curie temperature because more Al atoms in the GdAl 2 lattice lead to the decrease of the density of states N͑E F ͒ at the Fermi level. 20 On the other hand, nanocapsules D display a magnetization larger than that of nanocapsules C at the same temperature, because the Gd content in the former is larger than that in the latter according to EDS analysis. By contrast, the nanocapsules E have the largest Gd content but the lowest magnetization, due to the fact that the smallest barrier and smaller magnetic field energy make the particles' moments relax easily, which cannot be fixed along the magnetic field in the lower field; the oxygen content in sample E also is the greatest, suggesting the formation of Gd 2 O 3 .
The hysteresis loops of the GdAl 2 /Al 2 O 3 nanocapsules C at 5, 20, and 80 K, measured in the ZFC process, show the hysteretic characteristic in Fig. 8͑a͒ . The coercive forces are 17.6 and 9.6 kA m −1 at 5 and 20 K, and no coercive force can be observed at 80 K because the GdAl 2 /Al 2 O 3 nanocapsules are of superparamagnetic state. It is seen from the inset of Fig. 8͑a͒ that the magnetization curve at 180 K represents the typical paramagnetic characteristic above the Curie temperature of the GdAl 2 /Al 2 O 3 nanocapsules. Therefore, the GdAl 2 /Al 2 O 3 nanocapsules show different magnetic behaviors in three temperature ranges between 5 and 300 K. In Fig. 8͑b͒ , the hysteresis loops at 5 K show the coercive forces 17.6, 23.2, and 10.5 kA m −1 for nanocapsules C, D, and E, respectively, which indicate that the magnitude of the anisotropy energy barriers can be judged as increasing with the sequence of E, C, and D, because the coercivity depends strongly on the anisotropy energy barriers below the blocking temperature. 42, 43 When the interaction between the nanocapsules is nonexistent or very weak, the magnetic behavior of superparamagnetic nanocapsules is similar to that of the paramagnets, but the relaxation of the particles' moments must overcome the hindrance of its energy barrier KV. With decreasing temperature, the decreased thermal agitation energy k B T cannot help the particles' moments more easily overcome the barrier to make the relaxation time of particles' moments longer. When the relaxation time of particles' mo- ments equals the measurement time of the measuring device, the temperature corresponding to the maximum in the ZFC magnetization curve under a lower field is called the blocking temperature. 38 Therefore, the scale of the energy barrier will determine the value of the blocking temperature. Also, below the blocking temperature, the relaxation time will be longer than the measurement time. Different from the superparamagnetic system, below blocking temperature, the relaxation of the particles' moments are hindered by the frustration effect coming from the strong interaction between the magnetic particles.
During the ZFC process, the isothermal magnetization curves were measured from 5 to 180 K with the interval of 5 K and at the applied field of 7 T ͓Fig. 8͑c͒ for nanocapsules C͔. At 5 K, the magnetization tends to the saturation and reaches 89.88 A m 2 kg −1 . With the average diameter of 20 nm of the spherical GdAl 2 core, the estimation of the Bohr magneton of the particle is about 4.9ϫ 10 5 B ; the theoretical value for the saturation magnetization of bulk GdAl 2 is about 205.42 A m 2 kg −1 . However, the magnetization measured for the present nanocapsules C, D, and E at 5 and 7 T are 89.88, 123.81, and 144.45 A m 2 kg −1 , respectively, which are about half of the GdAl 2 bulk value, which displays mainly the typical feature of a fine particle system. 35 The smaller magnetization of the present nanocapsules is also attributed to the fact that more substitution of nonmagnetic Al atoms and the nonmagnetic shells decrease the integral magnetization of nanocapsules C-E. On the other hand, in the low-temperature range, the large gap between the adjacent magnetization curves indicates the large change of magnetic order, which also suggests the large magnetic entropy change for the GdAl 2 /Al 2 O 3 nanocapsules.
According to the general thermodynamic equations, the entropy change of a magnetic system can be calculated from the thermodynamic Maxwell equation
͑1͒
In the isothermal magnetizing process, the magnetic entropy change ⌬S can be derived from Eq. ͑1͒ by integrating from initial field H 1 to the destination field H 2 ,
As the measurements were made with discrete field changes for each isotherm, we adopt the following numerical approximation:
Generally, in materials with blocking state, one cannot exploit the magnetocaloric effect from a magnetic field to zero field since the entropy is not well defined ͑because the magnetization value at zero field is not defined due to the fact that two different curves, i.e., the FC and ZFC, can be measured͒ and, in general, there is a drift in time of all the thermodynamic properties. However, one way to avoid this can be to define the entropy change between two states at finite values of the magnetic field, for instance, 7 and 1 T. According to Eq. ͑3͒, the magnetic entropy change ⌬S of nanocapsules C-E between 5 and 180 K after a field variation from 1 to 7 T was calculated from the measurements of isothermal magnetization curves in Fig. 8͑c͒ . It is interesting to note that −⌬S increases continuously with the decrease of the temperature from 180 to 5 K. From the inset of Fig. 9͑a͒ , the temperature dependence of d͑−⌬S͒ / dT shows that −⌬S increases rapidly at low temperatures, but smoothly above the blocking temperature. At 7.5 K, the −⌬S can reach the largest values of 18.02, 18.71, and 31.01 J kg −1 K −1 with the field variation from 1 to 7 T for nanocapsules C, D, and E, respectively. Apparently, the magnetic entropy change of the GdAl 2 /Al 2 O 3 nanocapsules at low temperature presents much larger values, which suggests that a large magnetization change ͑‫ץ‬M / ‫ץ‬T͒ H will exist in the low temperatures at the given field change according to Eq. ͑2͒. 18 In addition, the temperature dependence of the magnetic entropy change in the present superparamagnetic GdAl 2 system is in agreement   FIG. 9 . ͑a͒ Temperature dependence of magnetic entropy change between 5 and 180 K of nanocapsules C-E at a field variation from 1 to 7 T. ͑b͒ Zero-field-cooled and field-cooled magnetization curves of nanocapsules C-E between 5 and 180 K, at applied fields of 1, 3, and 7 T. ͑c͒ Temperature dependence of magnetization of nanocapsules C in the zero-field-cooled process at the applied field of 7 T.
with the prediction about the temperature dependence of the entropy change for superparamagnetic-state isotropic nanoclusters. 18 For traditional magnetic refrigeration materials, the large magnetic entropy change always appears near the transition temperature of the first-order magnetostructural change or second-order magnetic transition, near which the magnetic order will have large variation. Namely, the large ͑‫ץ‬M / ‫ץ‬T͒ H value leads to the large magnetic entropy change. For the present GdAl 2 system, no magnetostructural variation and no second-order magnetic transition can be observed below their Curie temperatures, but the large magnetic entropy change appearing in the low-temperature range suggests the existence of a large ͑‫ץ‬M / ‫ץ‬T͒ H . Experimentally, we measured the temperature dependence of the magnetization, when the applied field was kept unchanged, to prove the existence of the large ͑‫ץ‬M / ‫ץ‬T͒ H .
Taking nanocapsules C as an example, the temperature dependence of magnetization at applied fields of 1, 3, and 7 T was plotted in Fig. 9͑b͒ . In Fig. 9͑b͒ , the ZFC and FC curves overlapped with each other exactly at the applied field of 1 T, which indicates that no irreversible behavior is present below the blocking temperature of nanocapsules C under the second applied field. Moreover, the ZFC and FC curves under larger applied fields of 3 and 7 T also indicate the magnetic reversible behavior between 5 and 180 K ͓see the inset of Fig. 9͑b͔͒ . As a result, the magnetic behavior of nanocapsules C in the ZFC and FC processes is equivalent, and the weak interaction between the nanocapsules will have almost no influence on the magnetization between 1 and 7 T. Figure 9͑c͒ shows the ZFC curve of nanocapsules C between 5 and 180 K, and the variation of magnetization with decreasing temperature at an applied field of 7 T. It is clearly observed that the magnetization of the nanocapsules at 7 T decreases faster at lower temperatures and smoothly when the temperature tends to the Curie temperature, which can be further indicated by dM / dT ͓the inset of Fig. 9͑c͔͒ . According to the discussion above, the variation of the magnetization of the nanocapsules is determined by the applied field Zeeman energy, thermal agitation energy k B T, anisotropy energy barrier, and weaker interaction energy between the particles, which have exciting and hindering effects on the rotation of the moments, respectively. With the change of thermal agitation energy k B T, when the temperature is changed, the balance among the four kinds of energies will be broken, which will have different influences on the change of magnetization ͑change of magnetic order͒ in different temperature ranges.
For the assembly of the superparamagnetic GdAl 2 /Al 2 O 3 nanocapsules with random orientation, when the large external field was applied, the magnetization that is experimentally measured is determined by the sum of the projections of each individual particle's moment on the direction of the external magnetic field. 45, 46 With the decrease of the effect on the rotation of the particles' moments agitated by the thermal exciting energy in low temperatures, more moments of the particles can rotate and fix on the direction of the external field, upon the effect of the applied field Zeeman energy, which increases the magnetization of the particle system. Then the balance forms among the applied field Zeeman energy, thermal agitation energy k B T, anisotropy energy barrier, and weaker interaction energy between the particles. At the same time, because of the large magnetic-moment density of the GdAl 2 /Al 2 O 3 nanocapsules coming from the Gd atoms with a large atomic moment of 7.2 B , due to the presence of seven unpaired 4f electrons, which have a total angular momentum of J =7/2, the large magnetization was acquired at low temperatures. Consequently, when the temperature increases and the applied field changes, the balance is broken by the increase of the thermal energy and the decrease of the magnetic field Zeeman energy, and the particles' system will have a large magnetic entropy change caused by the large magnetization change because of the weak hindering effect on the rotation of the particles' moments by the smaller anisotropy barrier, coming from the anisotropy constant K ͑about 4.8ϫ 10 3 J m −3 ͒ and small particle volume V, compared with that of Fe͑C͒ nanocapsules. 47 For N independent superparamagnetic nanoparticles with particle moments m, at an external field H and temperature T, their magnetic entropy change was calculated directly according to the Langevin theory, 8 where y = mH / k B T, k B is Boltzmann's constant, and M 0 is the saturation magnetization of the particles' system,
ͪͬ. ͑4͒
When y has a definite value, the right part of Eq. ͑4͒ will be equal to a constant k, then
Here, −⌬S scales with the reciprocal of the temperature 1 / T. To compare with the theoretical result, the correlations between −⌬S and 1 / T in the GdAl 2 system with different size distributions and average diameters were plotted in Fig.  10͑a͒ . Although the existence of size distribution results in different particle magnetic moments m, which will not render y a constant, the linear relation between −⌬S and 1 / T is kept, shown by the superparamagnetic GdAl 2 /Al 2 O 3 nanocapsules C and E in Fig. 10͑a͒ . Nevertheless, for the present sample D, the linear relation between −⌬S and 1 / T is not kept, which suggests that a much wider size distribution can break this kind of linear relation. Importantly, for nanocapsules C-E in the low-temperature range, ⌬S is proportional to 1 / T, even though the wider size distribution in nanocapsules D cannot influence this linear relation, which indicates that the particles' size distribution is not the main factor in this linear relation at low temperatures. Then, according to the experimental data, at low temperatures, the −⌬S of the GdAl 2 /Al 2 O 3 nanocapsules can be simply described as
Taking nanocapsules C as an example, the 1 / T dependence of −⌬S at different ⌬H is shown in Fig. 10͑b͒ . With different ⌬H, the linear relations between 1 / T and −⌬S can be observed. In the inset of Fig. 10͑b͒ , the slope coefficient ␣ linearly increases with an increase in ⌬H, which leads to ␣ that can be described as ␣ = ␤⌬H. Then the magnetic entropy change −⌬S can be further described as
where the coefficient ␤ is a function of the energy barrier KV and the saturation magnetization of the GdAl 2 /Al 2 O 3 nanocapsules. Equation ͑7͒ is similar to Eq. ͑5͒ derived from Eq. ͑1͒. In essence, the magnetic entropy change of the GdAl 2 /Al 2 O 3 nanocapsules as a whole comes from the effect on the fluctuation of particle magnetization, when the change in applied field and temperature occurs. Because the relaxation of the moments of superparamagnetic GdAl 2 /Al 2 O 3 nanocapsules is similar to the relaxation of paramagnets, the appearance of the linear relation between −⌬S and 1 / T is attributed to the paramagnetic relaxation mechanism, according to which Eq. ͑4͒ was deduced. With the energy viewpoint, Eq. ͑5͒, deduced theoretically by McMichael et al., 8 can be written as
It suggests the conservation of the energy in the process of magnetic entropy change of the superparamagnetic particle system. Accordingly, for the present GdAl 2 /Al 2 O 3 nanocapsules, the conservation of the energy should also be obeyed in the process of producing a large magnetic entropy change at low temperatures. Equation ͑7͒ constructed experimentally can also be written as
where ␤ corresponds to kM 0 in Eq. ͑8͒. When ⌬H is constant in Eq. ͑7͒, the linear relation between −⌬S and 1 / T can be valid. As a result, the physical meaning beyond the linear dependence of −⌬S with 1 / T at low temperatures can also be described as follows: from the point of view of the conservation of energy, the isothermal magnetic entropy change −⌬S is determined by the variation of the Zeeman energy from the external applied field H 1 to H 2 .
IV. SUMMARY
The intermetallic compound GdAl 2 /Al 2 O 3 nanocapsules have been prepared by the modified arc-discharge technique. The formation of GdAl 2 /Al 2 O 3 is controlled by the boiling points of different elements and initial contents of the elements in the anode. The morphologies of the GdAl 2 /Al 2 O 3 nanocapsules show an irregular spherical shape, and the typical core-shell structure with amorphous Al 2 O 3 as shells and crystalline GdAl 2 as cores can be represented. The Curie temperatures of the GdAl 2 /Al 2 O 3 nanocapsules decrease with the increase of the substitutional Al atoms in the GdAl 2 lattice. The magnetic entropy change of the GdAl 2 /Al 2 O 3 nanocapsules gradually increases with decreasing temperature from 180 to 5 K, and the sharp enhancement is exhibited when the system is subjected to low temperatures. The appearance of the large entropy change for the GdAl 2 /Al 2 O 3 nanocapsules in low temperatures can be ascribed to the lower anisotropy energy barriers and higher magnetic moment densities. At low temperatures, the entropy change of the GdAl 2 /Al 2 O 3 nanocapsules was found to be perfectly linear, scaling with 1 / T, and the anisotropy energy barrier influences the slope of the lines. FIG. 10 . The 1 / T dependence of the magnetic entropy change ͑a͒ for nanocapsules C-E at a field change of 6 T and ͑b͒ for nanocapsules C with a field change from 1 to 7 T. The inset in ͑a͒ shows the details of the high-temperature range of ͑a͒, while the inset in ͑b͒ is the slope ␣ at different ⌬H for nanocapsules C.
